the use of a radical-scavenging test in an organic solvent. Would this be useful?
(b) How should oxidation be accelerated? The most common methods of accelerating oxidation are to raise the temperature and to increase the supply of oxygen. The combination of these effects can reduce the oxidative stability by a large amount. Thus, whereas a sample of refined olive oil required 103 days for significant deterioration at 20°C, the assessment time was reduced to 20.4 h when the oil was assessed in the Rancimat at 100°C. Other factors affecting the oxidation rate include the content of metal ions in the test sample, the oxidative state of the test sample before the addition of antioxidant and exposure to UV light.
Frankel summarised several problems with using elevated temperatures of 100°C or higher to predict antioxidant activity at lower temperatures. 3 Although an increase in temperature accelerates oxidation by a large factor, the temperature may affect the mechanism of autoxidation, the stability and volatility of the antioxidant and oxidation products, and the partition of the antioxidant between different phases present in the food. At high temperatures where reaction rates are fast, transport of oxygen may become rate-limiting. The mechanism of autoxidation is complex involving several steps and competing reactions that differ in enthalpy and entropy of activation. Ragnarsson and Labuza claimed that antioxidants were normally less effective at elevated temperatures than at ambient temperature. 4 Therefore, it can be difficult to predict antioxidant effects at low temperatures from measurements at elevated temperatures.
(c) How should oxidation be monitored? In principle, one could consider measuring the loss of lipid starting material, i.e. fatty acids or triglycerides, or the formation of oxidation products as a method of monitoring oxidative deterioration or antioxidant activity. In practice, the formation of oxidation products is a much more sensitive method of monitoring oxidation. However, the assessment of antioxidant activity by monitoring the formation of oxidation products is not a trivial task. Since a complex mixture of oxidation products is formed and the relative amounts of these products depend on a variety of variables including temperature, metal ion content, and other components present such as water, deciding which components to monitor is an important decision. Monitoring antioxidant activity under frying conditions may well require other products to be monitored than if the activity is to be assessed under ambient conditions. Thus, hexanal formation can be used to monitor oxidative deterioration in ambient stored products, but not in used frying oils.
Radical-scavenging methods
Radical scavenging is the main mechanism by which antioxidants act in foods. Several methods have been developed in which the antioxidant activ-ity is assessed by the scavenging of synthetic radicals in polar organic solvents, e.g. methanol, at room temperature. Those used include 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2¢-azinobis(3-ethylbenzthiazoline-sulphonic acid) (ABTS) radicals.
In the DPPH test, the scavenging of DPPH radicals is followed by monitoring the decrease in absorbance at 515 nm which occurs due to reduction by the antioxidant (AH) or reaction with a radical species (R · ).
Fast reaction of DPPH radicals occurs with some phenols e.g. a-tocopherol, but slow secondary reactions may cause a progressive decrease in absorbance, so that the steady state may not be reached for several hours. Most papers in which the DPPH method has been used report the scavenging after 15 or 30 min reaction time. The data is commonly reported as EC 50 , which is the concentration of antioxidant required for 50 % scavenging of DPPH radicals in the specified time period. The ABTS radical cation is more reactive than the DPPH radical, and reaction of the ABTS radical cation with an antioxidant is taken as complete within 1 min. 6 The method of generation of the radical cation has changed several times since the method was first described. The most recent method describes the use of potassium persulphate to oxidise ABTS to the radical cation. 7 The radical scavenging activity assessed by the ABTS method has been expressed as the TEAC (trolox equivalent antioxidant capacity) value in most papers employing this method.
These methods may be useful for screening antioxidants, but antioxidant effectiveness in foods must always be studied by other methods because their activity in foods is dependent on a variety of factors including polarity, solubility, and metal-chelating activity.
3 Methods for measuring the current state of an oil or food sample Some methods can be applied to assessing the current state of an oil or food sample. In order to be applied in assessment of antioxidant effectiveness, an experiment must be designed in which the antioxidant is incorporated into the food and the food is stored under controlled conditions. The principles of these methods are described below.
Sensory analysis
For the food industry, the detection of oxidative off-flavours by taste or smell is the main method of deciding when a lipid-containing food is no longer fit for consumption. Consequently, any antioxidant used in the food will ultimately be evaluated by its potential for extending the time before this off-flavour can be detected. The ability of individuals to describe the nature of the aroma is useful, and the sensitivity of a trained panel to oxidative off-flavours may allow detection of oxidative deterioration at a stage when common chemical methods, e.g. peroxide value measurements, are unable to detect any deterioration. The main problems with sensory evaluation are that different individuals vary in their sensitivity to these offflavours, and their performance may vary depending on their state of health and other variables. Trained panellists are much more reliable than untrained panellists, but the reproducibility of sensory analysis is normally worse than that of chemical or instrumental methods.
Headspace analysis
Although they only represent a small proportion of the oxidation products, volatile lipid decomposition products are those that are perceived by the consumer as off-flavours. Consequently, it is tempting to monitor these volatile oxidation products in order to have an instrumental method that correlates well with consumer perception of the extent of deterioration of an oil. The application is normally a correlation between an individual aroma component or the total volatile concentration and sensory assessment of oil deterioration. However, it should be remembered that the aroma of a sample includes contributions from many different compounds. Individual aroma compounds vary in their contributions to the aroma with different flavour thresholds and concentration dependence of the aroma. Nevertheless, volatile analysis has been widely used as a method of monitoring oxidative deterioration of oil samples. Several procedures have been developed.
Static headspace analysis
The mass of each component in the headspace of a sample in a sealed vial depends on the vapour pressure of the pure component, the sample temperature and the concentration of the component in the sample. Although it is possible to sample the headspace with a gas syringe and inject it onto a gas chromatography (GC) column, it is difficult to avoid problems due to adsorption of trace components, condensation of volatiles in the syringe and leakage from the syringe during transfer to the GC. Consequently, automated headspace injectors are normally used. In a typical commercial headspace analyser, the sample is sealed in a vial closed with a septum and crimped aluminium cap. Vials are held in a temperature-controlled autosampler for equilibration. A sample needle penetrates the septum when the vial is in the position for analysis, and the vial is pressurised for a time before injection in order to raise the pressure within the vial to that of the column head. The carrier gas supply to the column is then switched off by a solenoid valve, the pressure at the head of the column falls and sample vapour flows via the sample needle onto the column. After the injection period, which is typically 5 s, the carrier gas flow to the column is restored and injection of vapour ceases, after which time the injection needle is withdrawn.
The temperature used for analysis of headspace volatiles in an edible oil may vary between 40 and 180°C. Above 150°C, hydroperoxides are unstable and the measured headspace volatiles are due to the volatiles in the sample when inserted into the vial and those formed by hydroperoxide decomposition. Even at temperatures as low as 90°C, partial decomposition of hydroperoxides will occur during the equilibration time. The time required for equilibration is typically 10-20 min. Static headspace analysis is a relatively quick and simple procedure, and no solvents are used. It is less sensitive than dynamic headspace analysis and the procedure mainly detects the very volatile components, while dynamic headspace analysis detects components with a wider range of volatility. When monitoring the oxidative deterioration of edible oils, either the hexanal, pentane or total volatile concentration is normally monitored for oil containing linoleic acid or other polyunsaturated fatty acids with an n-6 structure. Propanal, 2-hexenal, 3-hexenal and 2,4-heptadienal are formed from a-linolenic acid or other polyunsaturated fatty acids with an n-3 structure.
Solid phase microextraction (SPME) is an alternative technique for static headspace analysis. SPME uses a special syringe with a short length of fused silica optical fibre externally coated with a polymeric GC stationary phase (e.g. polydimethylsiloxane). The coated fibre is shielded by an adjustable needle guide as it is pushed through a septum into the headspace above a sample in a sealed sample vial. After penetrating the septum, the needle guide is withdrawn to allow the coated fibre to be exposed to the headspace. After allowing equilibrium to be achieved, or after a defined time, the fibre is again shielded by the needle guide. The syringe is withdrawn, and transferred to a GC injection port. The fibre is exposed after puncturing the septum, and the analytes are thermally desorbed to introduce them onto the GC column. SPME has the advantage that the technique is easy to use and quick, requiring about 30 min for trapping the volatiles. No special injector is required, so there are no capital costs involved, and no artifacts are introduced. However, the technique is less sensitive than other headspace techniques, and the fibres are fragile and require periodic replacement.
Dynamic headspace analysis
An alternative method for the analysis of volatile components is dynamic headspace analysis, which involves purging the sample with nitrogen or helium for a period whilst continuously trapping the volatiles. The volatiles are trapped on a porous polymer trap (often Tenax TM ) held at room temperature. The most common method of transferring the volatiles onto a GC column involves placing the trap in the inlet of a gas chromatograph, then heating the trap to desorb the volatiles. Solvent extraction of volatiles from the trap and injection of a solution may be used as an alternative transfer procedure, but this is much less sensitive than thermal desorption. Dynamic headspace analysis allows components with a wider range of volatility to be detected than in the case of static headspace analysis, but poorly adsorbed components may be lost by passing through the trap (breakthrough) before the trapping period is complete. A typical chromatogram is shown in Fig. 4.1. 
Direct injection method
The direct injection method involves applying a sample at the inlet of a GC column, and then passing carrier gas through the sample to sweep the volatiles onto the column, which is often cooled to allow efficient trapping as a narrow band. The method allows the collection of volatiles covering a wide range of volatility. However, a much smaller sample size is used than in dynamic headspace analysis. The method can only be applied directly to oils whereas static and dynamic headspace analysis can be applied to more complex foods.
Peroxide value (PV)
The PV is still the most common chemical method of measuring oxidative deterioration of oils. Although hydroperoxides decompose to a mixture of volatile and non-volatile products and they also react further to endoperoxides and other products, the PV measurement is a useful method of monitoring oxidative deterioration of oils, although it should normally be combined with a method of monitoring secondary oxidation products to 76 Antioxidants in food 4.1 Gas chromatogram of volatiles from oxidised sunflower oil determined by dynamic headspace analysis.
provide a fuller picture of the progress of oxidation. Huang et al. 8 showed that increased addition of a-tocopherol to an oil may increase the PV whilst reducing hexanal formation. This suggests that a high PV value may reflect either increased formation of hydroperoxides or reduced decomposition. Consequently, antioxidants may improve the flavour stability of an oil without it being evident from PV measurements.
The traditional method of determining PV involves a titration of the oil containing potassium iodide in a chloroform-acetic acid mixture. The hydroperoxides oxidise the iodide to iodine, which is determined by titration with sodium thiosulphate. In order to avoid the use of chloroform, the AOCS has developed an alternative method which uses isooctane as solvent, although the method is limited to PV < 70 meq kg -1 , as described in the AOCS guidelines. The PV determination should not be used as a method of assessing the deterioration of oils used for frying, since hydroperoxides decompose spontaneously above 150°C, and the measured PV can be more an indication of the cooling and storage conditions after frying than of oxidation products formed at frying temperatures. Even at temperatures of 80 to 90°C, formation of hydroperoxides is accompanied by decomposition at a significant rate.
The PV at which oxidation of oils can be detected as an off-flavour varies widely depending on the nature of the oil. Samples of olive oil may not be perceived as rancid till the PV reaches 20 meq kg -1 whereas fish oil may develop off-flavours at PV < 1 meq kg -1 .
Conjugated dienes
Formation of hydroperoxides from polyunsaturated fatty acids (PUFA) leads to conjugation of the pentadiene structure. This causes absorption of UV radiation at 233-234 nm. This represents a simple and rapid method of monitoring oxidative deterioration of an oil. Although the absorbance is mainly a measure of hydroperoxide content, some products formed following hydroperoxide decomposition such as 9-hydroxyoctadeca-10,12-dienoic acid and 13-hydroxyoctadeca-9,11-dienoic acid retain this conjugated structure and will contribute to the absorbance. The method is therefore less specific than PV measurement.
Para-anisidine value
Para-anisidine is a reagent that reacts with aldehydes to give products that absorb at 350 nm (Fig. 4.2) . The p-anisidine value is defined as the absorbance of a solution resulting from the reaction of 1 g fat in isooctane solution (100 ml) with p-anisidine (0.25 % in glacial acetic acid). The products formed by reaction with unsaturated aldehydes (2-alkenals) absorb more strongly at this wavelength, and consequently the test is particularly sensitive to these oxidation products. Although the test does not distinguish between volatile and non-volatile products, the palate is generally more sensitive to unsaturated volatile aldehydes than to saturated volatile aldehydes, so the test is a reasonable way to assess secondary oxidation products. Measurements of p-anisidine value are commonly used together with peroxide value measurements in describing the total extent of oxidation by the Totox value, which equals the sum of the p-anisidine value plus twice the peroxide value. However, the Totox value is an empirical parameter since it corresponds to the addition of two parameters with different units.
Thiobarbituric acid value (TBA)
Malonaldehyde may be formed from polyunsaturated fatty acids with at least three double bonds. The concentration of this product may be assessed by reaction with thiobarbituric acid which reacts with malonaldehyde to form red condensation products (Fig. 4.3 ) that absorb at 532-535 nm with molar absorptivity of 27.5 absorbance units/mmol. However, the reaction is not specific, and reaction with a wide variety of other products may contribute to the absorbance. 2,4-Alkadienals such as 2,4-decadienal also react with TBA to show strong absorption at 532 nm. Saturated aldehydes normally absorb at lower wavelengths after reaction with TBA. Several food components including proteins, Maillard browning products and sugar degradation products affect the determination. In order to emphasise the lack of specificity, the values obtained in the test are commonly described as TBARS (TBA reactive substances). The TBA test has recently been reviewed. 
Octanoate value
The octanoate value is a measure of the bound octanoate present in an oil. Octanoate is formed from the decomposition of linoleic acid 9-hydroper- oxide.
11 The method involves trans-methylation of an oil with a base such as sodium methoxide, and GC analysis of the methyl octanoate formed.
Conjugable oxidation products
Analysis of conjugable oxidation products is based on the fact that hydroperoxides from polyunsaturated fatty acids and some decomposition products may be reduced with sodium borohydride and dehydrated to give conjugated trienes and tetraenes (Fig. 4.4) .
12 Triene and tetraene concentrations are determined from the absorbance values at 268 nm and 301 nm respectively.
Infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) has considerable potential for the analysis of hydroperoxides in oils. Some progress was made in analysing the content of hydroperoxides and other oxidation products by direct determination in oils. 13 The method involved calibration with known standards, and it is an attractive approach due to its speed, once calibrated, and avoidance of chemicals for the analysis. However, improved specificity and precision can be achieved by addition of triphenylphosphine (TPP) to an oil containing hydroperoxides.
14 This causes the formation of . In the paper describing the method, PV was determined in the range of 0-15 meq kg -1 by calibrating with TPPO as the standard. The resulting calibration was linear over the analytical range. The analytical procedure involved addition of a 33 % (w/w) stock solution of TPP in hexanol (0.2 g) to melted fat or oil (30 g). The mixture was shaken and transferred to a 100-nm IR transmission cell maintained at 80°C. The reaction and FTIR analysis required about 2 min per sample. The method was validated by comparing the analytical results of the AOCS PV method to those of the automated FTIR procedure by using both oxidised oils and oils spiked with tert-butyl hydroperoxide. The reproducibility of the FTIR method is superior to that of the standard chemical method.
Methods to monitor changes in oxidation
All of the above methods may be applied to assess the state of oxidation of oils, but other methods can only be used to monitor changes in oils. These include the following:
Loss of polyunsaturated fatty acids
Analysis of changes in fatty acid composition is always an insensitive way of assessing oxidative deterioration. This is in line with the general scien-tific principle that it is much more difficult to measure a small change in a large number than the same change in a very small number. This can clearly be demonstrated by a simple calculation. If a change in linoleic acid content is determined by gas chromatographic analysis of fatty acid methyl esters, a change from 50.0 ± 0.1 % to 49.6 ± 0.1 % might be detectable by a careful analyst. This represents a change of 0.4 % in the sample composition. For comparison, oxidation of 0.4 % PUFA to monohydroperoxides would represent a change in peroxide value of 16 meq kg
, whereas a change of <1.0 meq kg -1 could readily be detected by measuring the PV.
Weight gain
Edible oils increase in weight during the early stages of lipid oxidation as fatty acids combine with oxygen during the formation of hydroperoxides. The increase in weight of a heated sample during storage can be used to determine the induction time of the fat. Rapid weight gain occurs after the induction period, or the time for a certain weight increase can be determined. However, decomposition of hydroperoxides leads to a weight reduction, and the fat is severely oxidised at the end of the induction time.
Predictive methods
Predictive methods are methods in which samples are continuously monitored during accelerated oxidation conditions.
Differential scanning calorimetry (DSC)
DSC is an instrumental method that monitors exothermic or endothermic changes due to phase changes or chemical reactions in samples. The end of the induction time is marked by an increased heat of reaction due to more rapid reaction of unsaturated lipids reacting with oxygen. 15 However, the reproducibility of the DSC induction time is poor unless measurement is performed at temperatures below 155°C, and this reduces the value of the method for assessing antioxidant activity.
Oil stability index (OSI)
The OSI is an automated development of the AOM (active oxygen method). In the AOM, the time for an oil to reach a PV of 100 meq kg -1 during oxidation at 97.8°C, with an air flow of 2.33 ml per tube per second is determined. Instruments for determining the OSI are the Rancimat TM , manufactured by Metrohm, Basel or the Oxidative Stability Instrument TM , manufactured by Omnion, Rockland, USA. These instruments depend on the increase in electrical conductivity, when effluent from oxidising oils is passed through water. Volatile carboxylic acids are generated in the oxidising oil and these cause the increase in electrical conductivity. The samples, assessed by the OSI methods, are held at 100°C, 110°C, 120°C, 130°C, or 140°C. The temperature may be adjusted to allow the oxidation time to fall within the range of 4-15 h. The sample size is 2.5 g or 5 g depending on the instrument used. Although these instruments are useful for quality control of oils, they are not recommended for the assessment of antioxidant effectiveness for several reasons. The high temperatures used do not allow reliable predictions of antioxidant effectiveness at lower temperatures. Volatile antioxidants may be swept out of the oil by the air flow under the test conditions, and also the oils are severely deteriorated when the end-point is reached.
Oxipres
The Oxipres TM , manufactured by Mikrolab Aarhus, is a method for examining the oxidative stability of heterogeneous products such as potato crisps, margarine or mayonnaise. Oxidation is accelerated by heating and by the use of oxygen under pressure. The pressure drop in a glass pressure vessel, containing the sample (up to 100 ml), and filled with oxygen at pressures up to 10 bar (1 MPa), is monitored. The instrument consists of a control unit, a block heater, which can heat two samples at temperatures up to 150°C, and a bomb into which the sample is introduced in a glass bottle. The pressure in the bomb is measured electronically and recorded on a multichannel recorder or transferred to a PC.
Oxidograph
The Oxidograph TM , manufactured by Mikrolab Aarhus, is an instrument based on the FIRA-Astell apparatus which employs the principle of the Sylvester test. The sample of oil or fat is exposed to oxygen or air at an elevated temperature, with stirring, to accelerate the test. As the sample absorbs oxygen, the pressure drop is measured electronically by means of pressure transducers. The aluminium heating block has spaces for six sample tubes. An analogue signal is recorded for each sample on a sixchannel recorder. The sample tubes are glass, and designed to be leak proof, when connected, with no grease required.
Applications to particular foods
Most of the methods mentioned above can be applied to a wide range of foods. Additional steps, e.g. isolation of fat, may be required in some cases. The standard PV determination and some other analyses cannot be applied to samples with significant water contents. One approach is to separate the fat phase and perform the standard tests. For butter this can be achieved by melting the sample, and for model emulsions freezing overnight at -70°C may allow the oil to separate due to its lower density than water. However, for commercial emulsions, e.g. margarine and mayonnaise, addition of solvent, normally hexane, is required to extract the oil and the standard tests can then be performed after evaporation of the solvent. Confectionery products and biscuits also commonly require solvent extraction of the fat before analysis.
For oils used for frying, the PV is not a good method of assessing oxidative deterioration, and the analysis of polar components is a more common method.This involves column chromatography to separate the oil into polar and non-polar components. The method is described in AOCS method Cd 20-91.
Sensory evaluation is a good method for monitoring deterioration of meat and fish products. For fish oil in particular, the human olfactory system is a very sensitive detector of off-flavours. Off-flavours are normally detected at very low PV values. Headspace analysis represents a useful instrumental method, and the TBA method is also commonly applied as an objective method of detecting deterioration in these foods.
